Newfoundland, Canada Al C 5S7 (Received 22 February 1977) Antioxidants inhibit the rat liver microsomal mixed-function-oxidase-catalysed hydroxylation ofbenzo [a] pyrene. These antioxidants also decrease the formation ofmutagenic products from benzo [a] pyrene as judged by the Ames bacterial-mutagenicity assay [B. N. Mutat. Res. 31, [347] [348] [349] [350] [351] [352] [353] [354] [355] [356] [357] [358] [359] [360] [361] [362] [363] [364] . It is suggested that antioxidants exert their protective effect against cancer by inhibiting the formation of carcinogenic metabolites.
Antioxidants are commonly added to human and animal food as preservatives for polyunsaturated lipids and other ingredients subject to spoilage by oxidation. Numerous studies indicate that these compounds produce a variety of physiological effects in animals, and their role as protective agents against the deleterious effects of various carcinogens is becoming increasingly apparent (Cumming & Walton, 1973; Grantham et al., 1973; Ulland et al., 1973; Speier & Wattenberg, 1974; Wattenberg, 1972 Wattenberg, , 1973 Wattenberg, , 1974 Wattenberg, , 1975 . Particularly well examined are the effects of the phenolic antioxidants butylated hydroxytoluene and butylated hydroxyanisole, which are extensively used in food, and of ethoxyquin, which is widely used in commercial animal diets. Cumming & Walton (1973) found that feeding butylated hydroxytoluene to mice for 4 weeks gave significant protection against mortality caused by a variety of carcinogens. The addition of butylated hydroxytoluene and butylated hydroxyanisole to diets containing the carcinogens benzo[a]pyrene and dimethylbenzanthracene showed pronounced suppression of neoplasia of the forestomach in mice (Wattenberg, 1972 (Wattenberg, , 1973 . Similar protection has been observed with the antioxidants ethoxyquin and disulfiram (Wattenberg, 1973 (Wattenberg, , 1974 . Wattenberg (1975) has suggested that the decrease in cancer of the stomach in the U.S.A. might be due, at least in part, to the protective effects of the antioxidants used as food additives. In any case the actual mechanism by which the various antioxidants inhibit chemical carcinogenesis has not been determined. In mice fed with butylated hydroxyanisole under conditions that inhibit benzo[a]pyrene carcinogenesis, alterations in the metabolism of benzo[a]pyrene were found (Speier & Wattenberg, 1975 (Speier & Wattenberg, 1975) . Vol. 164 Yang et al. (1975) found that butylated hydroxyanisole and butylated hydroxytoluene bind to rat liver cytochrome P-450, produce a substrate complex with a 'type I' difference spectrum, and inhibit benzo[a]pyrene hydroxylation non-competitively. Cytochrome P-450, which exists in multiple forms, is the terminal oxidase and substrate-binding site of the mixed-function-oxidase system responsible for the oxidation of a variety of compounds including carcinogens (Conney, 1957) . Other components of the system required for oxidative metabolism include NADPH, the flavoprotein NADPH-cytochrome P450 reductase, phospholipid and molecular oxygen (Lu & Coon, 1968) . Torrielli & Slater (1971) concluded that the site of inhibition by propyl gallate was the flavoprotein NADPH-cytochrome-P-450 reductase, as small amounts of the antioxidant propyl gallate inhibited NADPH-cytochrome c reductase activity as well as aminopyrine demethylation by rat liver microsomal fractions.
In the present study we examined the effect of various antioxidants on the fiavoprotein NADPHcytochrome P-450 reductase (assayed as NADPHmenadione reductase) and on benzo[a]pyrene hydroxylation. Since Ames and his co-workers 
Bacterial-mutagenicity assay
The method used for testing the mutagenicity of benzo[a]pyrene in S. typhimurium was described by Ames et al. (1975) . Strain TA 98 requires histidine for growth and this requirement forms the basis of the assay. The bacteria were grown overnight in nutrient broth and diluted to 2 x 109 bacteria/ml with 5mM-potassium phosphate/l5OmM-NaCI, pH7.4. A oortion (0.1 ml) of this bacterial suspension was added to a mixture consisting of: microsomal protein, 0.4mg; potassium phosphate buffer (pH7.4), 100,umol; benzo[a]pyrene, 5,g dissolved in dimethyl sulphoxide; NADPH, 2.5,umol; antioxidants when added (dissolved in water or dimethyl sulphoxide);
and Top agar (1.5 ml). The final volume of the mixture was 2.5ml. The volume of dimethyl sulph- TA 98 in the presence of microsomal fraction and NADPH. In the absence of microsomal fraction, these compounds had no effect on the growth of strain TA 98. In view of the high correlation between carcinogenicity and mutagenicity, the results in Table 2 suggest that the protective effect of these antioxidants in vivo may be due to their ability to inhibit the formation of carcinogenic metabolites from benzo [a] pyrene and other polycyclic hydrocarbons in man and animals. Glutathione was found to have no effect on benzo[a]pyrene hydroxylation, but it inhibited the mutagenicity of benzo[a]pyrene in strain TA 98. The reason for this is not clear, but it may be due to the fact that glutathione can react with toxic metabolites like epoxides to form relatively harmless glutathione conjugates, a process catalysed by a transferase (Nemoto et al., 1975) .
